Abstract -Instead of traditional ranging radar and camera, Kinect was used to ensure the robot can avoid obstacles in the process of movement. And an obstacle avoidance method of robot was proposed based on admittance control. The relative distance between the robot and human hand was real-time measured by Kinect sensor and converted into a virtual force, acting as an input of the admittance controller to control the next moment speed of the controller to avoid obstacles. Then a modification algorithm for the robot's speed direction was added on the basis of admittance control, when the operator's arm is moving at a high speed, to control the robot's avoid obstacles urgently. At the same time, a method of singular transition to the joint space was proposed to solve the problem that once the robot encountering strange points in Cartesian space it will out of control. Finally, a physical experiment platform based on Kinect sensor and UR robot was set up to conduct dynamic and static obstacle avoidance experiments. The results verified the effectiveness of the proposed method.
I. INTRODUCTION
With the development of robots, flexible manufacturing and the concept of human-computer interaction, the working environment of robots has changed from a closed, structured operating environment to a semi-structured environment that coexists with humans. In such an environment, the collaborative robot replaces traditional industrial robots with lightweight, flexible and easy-to-use features that allow people to work collaboratively [1] [2] . The problem of obstacle avoidance in the process of human-machine collaboration has been a hot topic of research. The methods proposed so far have the following categories: The first category is the use of bugs to avoid obstacles, that is, after obstructions are detected, walking around the outline of obstacles until they are bypassed. Bug's algorithm is inefficient because he walks many roads that don't have to go. But it can guarantee that the robot reaches the target. At the same time, the Bug algorithm can only be used for two-dimensional paths [3] . The second category is the artificial potential field method. The robot is regarded as moving in a virtual artificial force field. Obstacles generate repulsive force on the robot. The end position of the robot generates gravitational force on the robot, and the combined force of gravity and repulsion controls the movement of the robot. Because this method performs partial obstacle avoidance and lacks global information, the distance between the robot and the obstacle is likely to fall into a local minimum, causing the robot to oscillate or stagnate [4] [5] [6] . The third category seeks the minimum distance based on obstacles and robot position images, that is, by traversing the convex hulls associated with the robot in the image until the obstacle is found, the minimum distance between the robot and the obstacle is obtained. Although this method can avoid being trapped in local minimum, using 2D images to obtain twodimensional distance information between two points, the distance information can only make the robot to avoid obstacles by stopping the movement. After the obstacle avoidance, the robot can not continue to move to Target pose [7] . The fourth category is based on the artificial potential field method to add a depth sensor to acquire the depth information of the obstacle and the robot to estimate the distance between the robot and the obstacle. This distance is then introduced in the artificial potential field method to avoid obstacles as a robot's rejection command. But using the Kinect depth sensor is always a robotic obstacle avoidance in Cartesian space control, Therefore, in the course of obstacle avoidance, the robot may not be able to move due to reaching the singularity point, which may lead to the failure of obstacle avoidance.
Aiming at the problems in the above obstacle avoidance methods, this paper proposes an approach to avoiding obstacles based on admittance control. This method converts the distance between the robot and obstacles detected by Kinect to a virtual force and acts as an input to the robot's admittance control to control the robot's speed at the next moment to avoid obstacles. If the speed of the obstacle is too large, correct the obstacle by correcting the movement direction of the robot with the speed correction amount. At the same time, aiming at the problem that the robot encounters singular points in Cartesian space and cannot move, an effective solution is proposed. Finally, using UR5 robots in a real environment, a number of experiments were performed to verify the effectiveness of the obstacle avoidance method.
II. KINECT CALIBRATION AND COORDINATE SYSTEM CONVENTION
Kinect calibration is the process of solving camera model parameters and is an important part of target detection. Among them, the camera model can be approximated as a typical pinhole imaging model, as shown in Figure 1 
Among them, 
The control point P is expressed as:
. Using the following method to estimate the distance between the obstacle point and the control point in Cartesian space:
Where x  is the distance between control point P and obstacle point O . In the process of obstacle avoidance, the impact of excessive obstacles on the current movement state of the control point is very small and can be ignored. Therefore, a spherical area with a radius of  centered on the control point P is demarcated, and excessive obstacle points are removed. In this area, obstacle avoidance is performed based on the shortest distance, and the traversal is performed outward with the pixel point ( , ) uv pp as the center to obtain a new local minimum value.
B. Admittance control
The method of controlling the motion of the robot arm based on the dynamic relationship between the motion information of the robot arm and the distal force is called impedance control. In this paper, the input of the controller is force information, and the output is motion information. Therefore, position-based impedance control, that is, admittance control is used to control the arm to avoid obstacles. In admittance control, the dynamic admittance relationship between the position of the end effector and the ambient force is as follows:
Among them, In the Laplace domain, the admittance control relationship of equation (6) can be described as follows:
The input of the conventional admittance controller is the external force measured by the sensor, but when the accuracy of the sensor is low, the actual stress value cannot be measured at the moment of collision, and the delay of the admittance controller causes the human-machine collision. The robot can't stop in time and cause personal injury. Therefore, in essence, admittance control based on actual external force cannot meet human-machine collaboration security requirements. The Kinect real-time detection of the relative motion information between the control point and the obstacle point, and then converting it into a virtual force instead of the actual external force input into the admittance controller to control the robot to avoid the actual collision through obstacle avoidance can fundamentally guarantee the personnel security [10] .
The definition of virtual force is as follows:
Its direction is the same as x  and the amplitude is defined as:
Among them, when 0 x , the maximum amplitude of the virtual force is max V . It should be noted that the condition x   must be satisfied, because when x   , the amplitude is 0. The relationship between the magnitude of the virtual force and the distance in equation (9) is shown in Figure 3 .
, the amplitude of the virtual force decreases as the distance increases. In the admittance control, the virtual force replaces the actual force as the input of the control system, and the admittance control obtains the relative speed between the control point and the obstacle point, that is:
Since the position information of the obstacle point is related to x  , the speed of the obstacle point is estimated using the speed obtained by the x  derivative:
The obstacle avoidance process is shown in the figure below: The control quantity obtained by the virtual admittance control is the speed vector () VP where the control point P avoids the obstacle point O . When the speed of obstacle O to the control point P is greater than the speed of obstacle avoidance at the control point, there is a problem that the obstacle avoidance is not timely.
In Ref. [8] , this kind of situation is overcome by applying a direction vector that is approximately perpendicular to the current direction in the direction of motion of the control 39 point. The applied direction vector is related to the angle between the control point and the obstacle point: ( 
Where P is the angle between () VP and () VO . When 2    , if the speed of the obstruction O is greater than the obstacle avoidance speed of the control point P , the probability of a collision between the two points will greatly increase. Therefore, the current obstacle avoidance direction is corrected by introducing the direction modification vector () pivot VP to avoid collision. The direction correction amount is defined as follows:
, n nv n Figure 3 .
Control point Exclusion vector
Direction modification vector
Fig. 5 Obstacle avoidance direction correction process
It can be seen that the direction correction amount () pivot VP is used to perform on-line correction of the obstacle avoidance direction of the control point P so that it can avoid obstacles by moving in the direction of () pivot VP when encountering high-speed motion obstacles. It can obviously increase the success rate of obstacle avoidance of the manipulator.
V. SINGULARITY PROBLEM
The virtual admittance controller obtains the obstacle avoidance speed at the next moment of the control point p, and can achieve obstacle avoidance by controlling the motion of the robot arm. When controlling the movement of the robotic arm in Cartesian space, the problem of singularity of motion must be considered. When the robotic arm is in a singular position, the ill-conditioned transition of the Jacobian matrix makes it impossible for the control system to control the robotic arm to avoid obstacles. The commonly used solution is to estimate or pre-solve all singular points (or singularities of the robotic arm) of the manipulator's operating space (Cartesian space), and then make the manipulator work as much as possible in a flexible workspace. However, this method limits the working ability of the robot arm, and the singular judgment of the loop will bring about a large delay. Therefore, in the process of avoidance of virtual admittance control, it is necessary to ensure that the robot arm still has good motion control performance near the singularity point.
There are two kinds of commonly used robot motion control methods. One is that in Cartesian space, the control force information of Cartesian space is calculated according to the motion deviation and the control law, that is ( , )     to drive the joint through the joint space control law [11] . Both methods can be applied to robotic motion control, but when the robotic arm is in the vicinity of singularity, the control effects of the two are completely different. The first method cannot provide sufficient torque u  to some joints in the singular direction, and cannot drive the joints to follow the motion and lose the desired suppleness. According to Ref. [12] , the latter method generates fast but unstable motion control near the singularity point and is sensitive to unknown interference. A generalized analysis of the above two methods assumes that the proportional controller is used to control the robotic arm only under positional error. The control flow of the first method can be expressed as: 
The singular value decomposition maps   seen that the two methods have complementary force control performance and position control performance. In addition, in singularity, the Jacobian matrix is reduced in rank, the force ellipse is degenerated, and the corresponding zero-singular value is added. The same can be described as: Fig. 7 Singularity of the force ellipse
In singularity, the torque value mapped in the first way is 0 in some directions and cannot follow the desired position increment in this direction x  . Because of this, this control method can well suppress the positional deviation f x  caused by the unknown disturbance near the singularity point. The second method can provide an infinite torque value in this direction, while showing that this method is very sensitive to unknown interference near the singularity point. In the above analysis process,
Jq  is not used in the actual process, so the real torque value is not infinite. In summary, combining two motion control methods can effectively solve the singular heterogeneity problem. The control framework is shown in Figure 8 . In Fig. 8 , in order to reduce the sensitivity to unknown disturbances and prevent the generation of extremely large expected torques, the secondary control system takes a smaller value, and in the singularity type, the driving robotic arm smoothly passes the singularity point. The main control system c P takes a larger value. In the above control system,
is not used, and there is no need to judge the singularity, thereby improving the control efficiency. According to the virtual admittance control law, the end of the actuator can completely cover the obstacle avoidance sphere.
VI. EXPERIMENT

A. Laboratory equipment
The UR5 collaborative robot is used in this experiment. The control and path planning of the robot are all performed in
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Cartesian space. The control object of the virtual admittance control system is the end effector of the robot, so the control point is also the end effector of the robot. The obstacle is the experimenter's left hand. The distance between the obstacle point and the control point is measured in real time by a depth sensor Kinect for Windows, and the frequency of the depth image capturing the 640×480pixels is 12.5Hz. The control system sends a speed command to the robot arm every 80 ms. The radius of the spherical obstacle avoidance zone in the experiment was 0.35m. When the distance between the obstacle and the target point is less than 0.35m, the virtual admittance control system has a virtual force input, and the output to the end effector is the obstacle avoidance speed instruction at the next moment until the distance of the target point away from the obstacle point exceeds 0.35m. In the following experiment, the virtual force amplitude parameter is: max 
B. Experiment content
The experiment was divided into two groups: the first group of obstacle avoidance experiments and the second group of dynamic obstacle avoidance experiments.
When there is no obstacle, the movement path of the robot is shown in Figure 9 . Record the robot end effector, the movement path curve of the control point is shown in Figure  10 . The first set of experiments is shown in Figure 11 . The obstacles are at rest during the entire process. At the initial moment of robot movement, the distance between the obstacle and the target point is 0.962m, and the robot does not need to avoid obstacles. When the robot moves along the planned path and the distance from the stationary obstacle is less than 0.35 meters, that is the obstacle enters the spherical obstacle avoidance area, and the robot starts to avoid the obstacle. After the distance is greater than 0.35 meters, the robot moves to the end point of the path. Among them, the motion path of the control point is shown in Figure 12 . The second set of experiments is shown in Figure 13 . When the robot moves along a planned path and encounters a fast moving obstacle (the obstacle point's moving speed is obviously greater than the control point's obstacle avoidance speed), the control point moves along the direction corrected by the direction correction amount. Finally, the robot avoids the obstacle point and returns to the end of the planning path. From the above two experiments, we can see that using the virtual admittance controlled obstacle avoidance method, the robot can successfully complete the obstacle avoidance process when it encounters static and high-speed motion obstacles. At the same time, compared with the Ref. [8] , when the distance between the control point and the obstacle point exceeds the radius of the spherical obstacle avoidance area, it can continue to move to the end position of the planned path. When the obstacle avoidance and obstacle avoidance are completed, the robot may reach the singular point and stop in the process of returning to the end position of the planned path. In this experiment, the problem of the singular point is solved and the end pose of the planned path is returned.
VII. CONCLUSION
This article designed a virtual admittance controller to control robots to avoid obstacles by using Kinect to detect the distance between obstacles and robots in real time. At the same time, we also considered the problem of obstacles that are too large to avoid obstacles and robots that cannot move at singular points. And put forward an effective solution. Finally, the feasibility of the method was verified by two groups of experiments. It is not enough to consider the end effector to avoid the obstacle of the robot. In the follow-up work, the obstacle avoidance of the robot will be studied.
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